It is important that sufficient down force is applied to maintain shoulder contact with the material, since the shoulder contact is a critical component of the forging action that happens behind the tool.
The majority of the material flow in these joints is longitudinal with the weld; however, vertical material flow can also take place under "hot" processing conditions (slow feed rate with high spindle rotation speed) and is aided through different pin tool geometries such as the addition of threads to the pin. [7] [8] Friction stir welding has important effects on the microstructure of the parent material. The microstructure of a FSW is separated into three principal zones, as shown in Figure 3 . These zones are commonly known as the weld nugget or dynamically recrystallized zone (DXZ), the thermomechanically affected zone (TMAZ), and the heat-affected zone (HAZ). Each zone exhibits a distinct microstructure. The weld nugget is comparable to the pin diameter in size, with a microstructure that is composed of equiaxed, dynamically recrystallized grains. The sizes of these grains are substantially smaller than the grains in the parent material, usually less than 10�m. The grain size of the TMAZ remains similar to that of the parent material, but the grain orientation is altered by partial mechanical deformation. In addition, the TMAZ may contain some areas of partial recrystallization. The TMAZ also experiences a coarsening of precipitates at the grain boundaries, due to the high temperatures experienced, accompanied by the formation of precipitate free zones (PFZ). At the HAZ/TMAZ boundary, variable grain size, break up of inter-metallic particles and over-aging cause a loss in hardness. This area of the weld has been noted in numerous works as the weak point, at which the minimum hardness and fracture initiation usually occur.
[9]- [16] Continued research in the microstructural characterization of FSW will lead to a better understanding of the process. By understanding how the microstructure is affected by FSW, many of the current observed FSW anomalies could be explained, or even controlled. 
FSW as a Metalworking Process
An excellent characterization of the most fundamental mechanical/thermal principles behind friction stir welding was done by Arbegast [17] . He developed a number of first-order approximation models to show that FSW could be successfully modeled as a forging and extrusion process, and was able to correlate them directly with experimental data. The five essential process zones associated with FSW are shown in Figure 4 . Once a rotating pin tool has been plunged into and plasticized the material, the tool can begin to traverse the joint line. As the tool is in the steadystate process of creating a joint, it can be characterized at any time by the zones depicted here. The pre-heat zone is where the heat generated by the FSW process, e.g., the "frictional heating of the spinning pin tool and the plastic strain energy release of the deforming material," is traveling ahead of the tool through conduction. [17] This is essential to ensure a good friction stir weld. If the tool travels faster than the rate of heat conduction in the material, then the process forces will increase and the weld may be too cold to extrude fully around the pin, creating the weld defects, commonly known as "wormholes" or voids, as shown in Figure 5 . The next zone is the initial deformation zone. In this zone, the pre-heated metal begins to plasticize and deform ahead of the pin. Additionally, heat from strain energy release is created in this zone, softening the material further. The majority of the material in this zone begins to be forced into the "Extrusion Zone" of the pin. Alternately, some material will flow upward into the "Shoulder Zone" or downward into the "Swirl Zone," as shown in Figure 6 .
[17]
Figure 6: Metal Flow Patterns during Friction Stir Joining [17] One of the early and most influential works on material flow in the extrusion zone was done by Colligan [19] . He embedded tracer elements in the weld path of an FSW butt joint, and used xray imaging to characterize their redistribution in the joint. From those observations, he made the following conclusions: (1) Not all of the material in the weld zone is "stirred" by the pin, a majority of the material movement is accomplished by simple extrusion; (2) the material that is stirred in the tool path originates at the shoulder and is forced downward by the threads on the pin (if present) to be deposited in the weld nugget; (3) the rest of the material in the weld zone is simply extruded around the retreating side of the pin, rising slightly in the weld as it passes the pin.
These basic conclusions set the foundation for interpreting friction stir welding as a metalworking process, which could then be more clearly understood in terms of traditional metallurgy. It also aided greatly in the design of pin tools for friction stir welding. These simplified models fall short of explaining all of the complex flow phenomena that have been observed in friction stir welds, but viewing FSW as a forging and extrusion process has greatly advanced the understanding of material flow in FSW.
In the extrusion zone, the material from both sides of the joint is mixed and forced to extrude around the rotating pin, with a larger volume of material passing on the retreating side of the tool than on the advancing side. Material is also moving underneath the pin and shoulder of the tool. If the tool is designed properly and correct weld parameters are chosen, then these areas will behave similarly to the rest of the weld zone; however, they can still have an impact on overall joint
properties. In this zone, weld temperatures reach their maximum values, typically 0.6 to 0.9 of the melting temperature (T m ), which is the hot working temperature range of most metals and can be approximated using equation ( In the forging zone, the extruded material from the shoulder, around the pin, and under the pin, is forged under large hydrostatic forces into a consolidated, void-free joint. The FSW process can be directly compared to a forging and extrusion process, as shown in Figure 7 , with all of the material flowing through a die cavity, which allows for the creation of the large hydrostatic pressures required for proper forging. This is where problems are typically seen from insufficient contact of the shoulder. If there is insufficient force pressing down on the pin tool, then there can be volumetric defects, such as voids, found in the weld. That is why friction stir welds are often created using a lead angle to create additional hydrostatic pressure from the heel of the tool in the forging zone. The weld nugget in this zone is characterized by an extremely fine grain structure, nearly an order of magnitude less than in the completed weld.
The last zone is the cool-down zone. In this zone, the final joint is formed, and the material remains hot enough for a limited amount of grain growth in the weld nugget. The cool down is very rapid though, especially in thin gauge aluminum alloys, because FSW is a localized extrusion and forging process, and the un-deformed material and weld anvil act as a heat sink, rapidly quenching the material back to near room temperature.
Figure 7: Schematic of Friction Stir Joining Process Showing Metallurgical Processing
Zones Constrained Within "Die Cavity"
FSW Essential Process Variables

Friction Stir Welding Process Variables
There are only three essential variables for friction stir welding with a fixed pin tool: spindle speed, travel speed, and plunge depth. [7] , [20] Spindle speed, measured in RPM, determines the amount of energy that is being input per unit time. The travel speed, measured in IPM or millimeters per second (mm/s), determines the temperature of the weld zone. The plunge depth controls the forging force behind the pin tool and ensures the formation of a defect free joint. Another way to control plunge depth is by controlling the forge force. Using those parameters, friction stir welds can be characterized by some simple equations that have been developed specifically for FSW by
Reynolds and Tang [20] : Weld Power and Specific Weld Energy. First, using spindle speed (�) and spindle torque (T), and assuming the spindle efficiency is equal to unity, Weld Power (P) is calculated using equation (2) . Specific Weld Energy (SE) is given in equation (3) and is calculated by dividing the Weld Power by the travel speed (v f ) in inches per minute.
These parameters are often used to determine if a weld is "hot" or "cold" relative to other similar welds using similar tooling. Again, the efficiency terms in the above equations have been assumed equal to unity; however, when making considerable changes to tool design or welding parameters, that assumption may not be valid. Reynolds and Tang [20] also investigated the effects of changes in alloy, weld temper, and tool geometry on the process forces. Interestingly, they found in the case of 7075 and 7050 aluminum alloys, there was almost no difference in welding parameters between the different tempers O, T6 and T7. They also confirmed that the shoulder diameter is the dominant factor that determines the required forging force and spindle torque.
Two other process forces, which are not control parameters, can give a great deal of insight into understanding FSW. These two forces are X-force and Y-force. X-force refers to the force of the tool in the welding direction. This force is directly affected by material type and thickness, tool type and geometry, spindle speed, and tool travel speed. It can generally be used to identify changes in the welding conditions. For example, crossing a joint line perpendicular to the weld tool path will see a reduction in X-force as the tool approaches the boundary, due to overheating of the material in front of the tool that is prevented from passing the majority of its heat to the adjoining plate. Once the tool reaches the joint line, a sudden increase in x-force occurs as the tool enters cold material that was not pre-heated by the adjoining material in front of the pin. An analysis of process forces to predict the formation of defects in friction stir welds was reported by Arbegast [21] . He found, however, that X-force was not a reliable method of predicting flaws, i.e., a variation in X-force did not always accompany the formation of a void or other defect in the weld. He did report that Yforce had the potential for predicting the presence of weld defects. Y-force is the force on the tool perpendicular to the welding direction. The Y-force felt by the tool is the difference between the extrusion forces on the advancing and retreating sides of the pin. Arbegast suggested that a large negative force (in the direction of the advancing side) could be reliably correlated to the formation of volumetric voids in the weld nuggets of friction stir welds. He also suggested that normalized
Fourier analyses of those forces could provide real-time statistical process control of friction stir welds.
Friction Stir Pre-Welding Variables
Of course, many other important variables must be understood in order to create a sound FSW joint and must be chosen prior to welding. First, the tool design must be selected. For a given alloy and material thickness, the shoulder and pin designs must be decided upon. For the shoulder, this can be flat, concave, or convex. It can even have steps, spirals, or grooves machined into it, or it can have any combination of those features. [22] The diameter of the shoulder is also important since this, in addition to the spindle speed, influences the amount of energy being input into the material. The larger the shoulder, the more heat will be put into the weld zone. [20] As for the pin, it can be straight or tapered; it can have threads, flats, flutes, or no features at all. [7] The diameter and length of the pin are also important parameters that must be chosen with care. The swept volume of the pin has also been found to be an important factor. The diameter of the pin is also important for less obvious reasons. The smaller the pin, the easier it is to move through the material, thus encouraging lower processing forces; however, the pin is also easier to break, thus reducing tool life.
A smaller pin also has a narrower tolerance zone for alignment with a butt joint, and creates a smaller shear area in a lap joint. A larger-diamter pin, while being stronger and more robust for manufacturing purposes, will require greater processing forces than a similar but smaller-diameter pin. In general, however, the basic tool with a concave shoulder, and a cylindrical-treaded pin, and a pin to shoulder diameter ratio between two and three will give a high-quality friction stir weld in aluminum alloys. This pin tool, dubbed the "5651" tool, which was originally developed by TWI,
Ltd. under their basic FSW patent, was the pin tool chosen for this study.
Other factors that can have a strong influence on weld quality are fixturing and anvil materials. [23] Fixturing, or the process by which materials are clamped into place, can greatly affect the quality of a friction stir weld. The whole FSW process relies on the ability to exert large process forces on a material, forcing the material in front of the pin to extrude around behind the tool where it can be forged into a joint. If the plates being welded are able to move and deflect, then forging pressure is lost and defects develop in the weld zone or the part itself. The common defects of this type are sheet lifting and surface lack of fill, or wormholes, caused by plate separation. The anvil material, or the backing plate on which the friction stir weld is made, can also greatly influence FSW quality. In addition, the thermal conductivity of the anvil influences the thermal management of the weld. It is also important that the friction stir weld does not stick or bond to the anvil in any way, as this can create defects in the root of the weld.
Cleanliness of the joint prior to welding is also important. Anything on the surface of the plates in the area where they are being joined will be stirred into the weld and, at best, will create small inclusions and, at worst, may prevent a strong joint being formed, called a faying surface defect. Commonly, some type of mechanical surface preparation followed by cleaning with a solvent is performed just prior to welding to ensure the creation of a strong joint.
